The adaptation to nutrient depletion by gram-negative bacteria such as Escherichia coli and Vibrio spp. involves a highly organized series of intracellular events that enable them to adapt to starvation conditions, as indicated by physiological experiments and analyses of the synthesis rates of individual proteins (21) . In response to starvation, the marine Vibrio sp. strain S14 becomes more resistant to a variety of environmental challenges, such as visible and UV light, heavy metal exposure, and temperature shifts, a phenomenon referred to as cross-protection against secondary stresses (27) . Starved cells markedly increase their nutrient-scavenging capacity and instantaneously respond to nutrient addition by increased RNA and protein synthesis in order to efficiently initiate the outgrowth response (8) .
High-resolution two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) analysis of Vibrio sp. strain S14 has revealed that the carbon starvation response initially involves the induction of about 160 proteins and the repression of about 140 proteins (31) . This significant reorganization suggests that several regulatory mechanisms are involved in orchestrating the response into relevant phenotypic expressions. Recent findings have shown that in Vibrio sp. strain S14, the immediate down-regulation of macromolecular synthesis upon depletion of exogenous carbon is accomplished via a RelA-ppGpp-mediated stringent response (7) . Mutational analyses indicate that the enzymatic activities encoded by homologs to RelA and SpoT, the mediators of the stringent response, affect the synthesis rate of a majority of the proteins within the carbon starvation stimulon. Importantly, an altered activity of the SpoT homolog significantly impairs some starvation survivalrelated characteristics (29, 31) .
Although many studies have focused on understanding the regulation of gene expression and the phenotypic consequences, there is limited understanding of how bacteria sense environmental changes and thereby produce signals for the genetic machinery to respond appropriately. Currently, there is a wide interest in the role of signal molecules in gene regulation. Small molecules have been shown to be involved in mediating gene expression in a number of microorganisms. Butyrolactones have been recognized as regulators of sporulation and antibiotic production in actinomycetes (3, 17) . In Myxococcus xanthus, multicellular fruiting body early development requires the generation of and response to an extracellular A signal, a specific set of amino acids which function either individually or in a combination as a cell density signal during starvation. These compounds allow the cell to sense that a minimal cell density has been reached, thereby allowing development to proceed (19) . Additionally, the E signal comprising one or more branched-chain fatty acids needs to be transmitted between cells to complete M. xanthus development (6) . It has been suggested that in E. coli, the high-energy compound acetyl phosphate, produced intracellularly, plays a regulatory role during stasis (26) . In E. coli, transient accumulation of 1,5-anhydroglucitol in the medium during the stationary phase was observed, and this compound has been proposed to be a metabolic signal of nutritional conditions (33) . Stationaryphase supernatant extracts (SSE) of E. coli have also been demonstrated to inhibit SdiA-mediated expression of ftsQAZ, an operon whose genes encode functions required for cell division. SdiA is a member of the LuxR family of transcriptional activators (11) . Recently, N-acyl homoserine lactones (AHLs) have been shown to play a widespread role in intercellular communication among gram-negative bacteria by controlling a number of cell density-dependent factors (9, 10, 14, 34, 35) . Homoserine lactone (HSL) has also been proposed to be a key signal for inducing the transcription of rpoS in E. coli (18) .
We have initiated a research project to study the role of putative extracellular signal molecules in the regulation of the carbon starvation response of Vibrio sp. strain S14. We assessed the expression of starvation-specific protein responders following exposure of the cells to compounds present in the nonpolar extract of cell-free stationary-phase supernatants. In addition, furanones, which have recently been found to specifically inhibit several AHL and AHL-like molecule-regulated phenotypes in several bacterial species (12, 13, 22, 24) , were added to starvation cultures in order to study their effect on the starvation-specific adaptation program. Furanones are produced as secondary metabolites by the red alga Delisea pulchra (5) . In this study, we used two furanones to investigate interference with the postulated signalling pathway in Vibrio sp. strain S14.
MATERIALS AND METHODS
Strains, growth conditions, and starvation conditions. The marine Vibrio sp. strain S14 (CCUG 15956) has been described previously (1, 23) . Detailed biochemical tests and 16S rRNA sequence analysis have shown that Vibrio sp. strain S14 displays a high degree of similarity to Photobacterium (Vibrio) angustum (36) . The strain was cultured in a marine minimal medium prepared (MMM x , where the superscript x indicates the glucose concentration in micrograms per milliliter) as previously described (30) . Culture flasks were inoculated with fresh overnight colonies, and the culture was kept in exponential growth at 28°C by recurrent dilutions until the maximal growth rate was established (usually five to seven generations). Carbon starvation conditions were achieved by pelleting cells grown in MMM 400 and resuspending them in MMM 0 unless otherwise stated and were statically incubated at 24°C in darkness. Growth was monitored as a function of optical density (OD). Viable counts were measured as CFU on halfstrength LB20 agar (30) by the drop plate method (15) .
Preparation and extraction of supernatants. Two liters of a Vibrio sp. strain S14 MMM 1000 culture was used to prepare each crude extract. For the SSE, cells were grown 5 h into stationary phase (OD at 610 nm [OD 610 ] ϭ 0.751) before they were removed by centrifugation and filtration (Millipore GS filter; pore size, 0.2 m). Similarly, a log-phase supernatant extract was prepared by removing the cells from a logarithmically growing culture (OD 610 ϭ 0.343). The supernatant (2 liters) was sequentially extracted with 3 300-ml volumes of dichloromethane. The extracts were combined and taken to dryness in vacuo. The extract was analyzed for the presence of acylated HSLs by gas chromatography (GC)-mass spectrometry (MS) and 1 H and 13 C nuclear magnetic resonance spectroscopy (NMR). Chemical analyses of supernatant extracts. Samples for GC-MS were dissolved in ethyl acetate containing naphthalene (Aldrich Chemical Co., Milwaukee, Wis.) as an external standard at a concentration of 10 g ml
Ϫ1
. GC-MS was performed with a Hewlett-Packard model 5980 series II gas chromatograph and a polyimide-coated fused-silica capillary column (BPX5; 12-m length, 0.22-mm inside diameter, 0.15-m 5% phenyl [equivalent] polysilphenylene-siloxane stationary phase; SGE Pty Ltd., Melbourne, Australia). All injections were performed in the splitless mode with an inlet pressure of 100 kPa. The injection port was at 280°C, and the interface was at 300°C. The gas chromatograph was held at 50°C for 1.5 min and ramped at 20°C min Ϫ1 to 300°C. Helium was used as the carrier gas. The samples for NMR were dissolved in deuterated chloroform (CDCl 3 ), and 1 H and 13 C NMR spectra were recorded on a Bruker AM300 spectrometer. Spectral data were compared with authentic The structural similarities of these compounds to the HBHL of Vibrio harveyi are presented in Fig. 1 .
2D-PAGE. Samples were labeled and processed as previously described (31) . To study the effect of SSE on the synthesis of proteins during logarithmic growth, a stock solution of SSE, freshly diluted in ethanol, was added to a culture (OD 420 ϭ 0.35) at a final concentration of 50 g ml Ϫ1 2.5 h before [ 35 S]methionine labeling was initiated. The final concentration of ethanol in the experiment was 0.3% (vol/vol). Ethanol controls were tested and found not to alter the expression of proteins. To study the effect of furanone-2 during carbon starvation, a stock solution of furanone-2 was added to the culture to reach a final concentration of either 5, 10, or 35 g ml Ϫ1 just prior to centrifugation of the growing cells. The cell pellet was resuspended in MMM 0 with the appropriate concentration of furanone-2. One hour after the onset of starvation, samples were labeled with [ 35 S]methionine for 10 min. Five minutes after the addition of furanone-2, log-phase culture samples were labeled for 10 min. Isoelectric focusing, second-dimension resolution, and spot quantification were performed as previously described (31) . The relative rate of protein synthesis (parts per million) was calculated by normalization of the individual spot density values to the sum of the spot density values of all detected spots in the gel.
Criteria used to distinguish different groups of proteins. To distinguish proteins with unaltered synthesis rates from those that were induced or repressed in the presence of either SSE or furanone-2, we used a classification criterion based on the relative difference in the relative protein synthesis rates. If the standard deviation of the mean density values of the protein spots was greater than 20% based on duplicate and triplicate samples, the proteins were excluded from the comparison. Of the 1,187 proteins initially matched to all 2D-PAGE gels, this procedure excluded 550 proteins. The synthesis rates of the remaining 637 matched proteins were evenly distributed over the whole range of spot density values (parts per million), and therefore the analysis is likely to give an unbiased comparison.
Stress assays. Stress resistance assays were performed after Vibrio sp. strain S14 cells were starved for 24 h for a carbon and energy source in the presence of 5 g of furanone-2 ml
. The following stresses were included in this study: (i) UV stress, achieved by irradiation at 254 nm for 0, 3, 5, 8, and 12 s, and (ii) H 2 O 2 stress, achieved by incubating the 24-h-starved culture with 250 M, 500 M, or 1 mM H 2 O 2 (final concentration) for 0, 30, or 60 min in 1.5-ml Eppendorf tubes. Stock solutions of H 2 O 2 were freshly prepared from the commercially available 30% (vol/vol) stock (May & Baker Australia Pty Ltd.). The samples were treated with catalase (500 U ml
; Sigma Chemical Co.) for 5 min before plating to facilitate removal of excess H 2 O 2 . The stress resistance was assessed by comparing the CFU of Vibrio sp. strain S14 at appropriate times to time zero of the stress assay.
Competition experiment. Exponentially growing Vibrio sp. strain S14 cells were subjected to carbon starvation conditions as described above. The competition assay was performed when the cells had been simultaneously exposed to furanone-2 (5 g ml
) and SSE (50 g ml
). Viable counts were measured as CFU on half-strength LB20 agar (30) by the drop plate method (15) . The results were expressed as percent CFU/milliliter by comparing the CFU of Vibrio sp. strain S14 at different times into the starvation period to CFU at time zero of starvation.
Bioluminescence assay. V. harveyi grown in LB20 broth overnight with shaking at 24°C was diluted 1:50 in fresh LB20 broth. Twenty-microliter aliquots of the diluted culture of V. harveyi were added to 200-l samples in 96-well opaque microtiter trays. The samples consisted of 100 l of cell-free Vibrio sp. strain S14 cultures and 100 l of fresh LB20 broth. V. harveyi supernatant was used as a positive control, and fresh medium, corresponding to the supernatant that was used, served as the negative control. The medium control did not induce bioluminescence at the time when the test samples and the positive control induced bioluminescence. Luminescence was monitored as counts per second, using a Microbeta Plus liquid scintillation counter (Wallac Inc.) in the luminescence mode. The results are reported as a relative value by dividing the counts per second of the sample by the counts per second of the corresponding negative control at the time when the difference in the luminescence between the samples and the negative control was maximal.
RESULTS

SSE preferentially up-regulates carbon starvation-induced proteins.
Several cases for the role of extracellular molecules in mediating adaptive responses have been proposed (11, 25) . To investigate if components in the SSE induce the carbon starvation response, we determined the synthesis rate of individual proteins 2.5 h after the addition of SSE to a logarithmically growing culture ( Fig. 2 and 6 ). This was achieved by pulse-labeling the translational products with [
35 S]methionine and subsequently analyzing the relative amount of [ 35 S]methionine incorporated into the individual proteins by means of 2D-PAGE and quantitative image analysis. Protein expression was assessed during logarithmic growth in the presence of SSE at 50 g ml Ϫ1 . For comparative purposes, samples were also prepared from 1-h carbon-, 1-h nitrogen-, and 1-h phosphorusstarved cells (no SSE added).
From approximately 1,800 protein spots detected in each gel, 637 were chosen for quantitative comparison (Fig. 2) . This initial selection was based on whether the spots could be positionally matched to all gels and if the difference in values (parts per minute) between duplicate or triplicate samples exceeded 20% of the mean value (Fig. 2, I ). The 637 proteins were divided into different classes on the basis of the magnitude of their response to carbon starvation (Fig. 2, II) . The criterion used to determine the change in the synthesis rate of a protein was based on whether the mean value differed by at least a factor of 1.8.
In (Fig. 2, IV) .
Vibrio sp. strain S14 cells starved in the presence of furanone-2 lose viability. The viability of carbon-starved Vibrio sp. strain S14 cells, in the presence of furanone-2 at different concentrations, was determined to investigate if the furanone interferes with the starvation-induced phenotypes. This hypothesis relies on the specific interference of AHL-regulated systems by furanones in several bacteria and the possibility that HSL, AHL, or structurally similar molecules are signals of adaptive responses. It was found that when carbon-starved Vibrio sp. strain S14 was exposed to low concentrations of furanone-2 (5 g ml Ϫ1 ), the viability was reduced by a factor of approximately 30 over a period of 4 days, as judged by the CFU values. This is considerably faster than the control, which exhibited 1% loss in CFU during the same period (Fig. 3A) .
To investigate whether this effect could reflect general alterations in metabolic functions, growth rate was monitored in the presence of the same concentrations of furanone-2 as in the starvation viability test. No effect on growth rate was observed when furanone-2 was included in the growth media at 5 g VOL. 180, 1998 EXTRACELLULAR SIGNALS AND STARVATION IN VIBRIO 203 ml Ϫ1 (Fig. 3B ) or 10 g ml Ϫ1 (data not shown), while a small reduction in growth rate was observed at 15 g ml Ϫ1 (data not shown). Once the growth rate had been stabilized after the addition of furanone-2 at 15 g ml Ϫ1 , it was constant throughout the logarithmic growth phase.
In another set of experiments, the effect on viability during starvation and the growth rate of Vibrio sp. strain S14 of a second furanone (furanone-3), structurally similar to furanone-2 ( Fig. 1) and also produced by D. pulchra, was tested. The addition of 5 g of furanone-3 ml Ϫ1 had a negative effect on viability but significantly less than that caused by furanone-2, reflecting the specificity displayed by these components (Fig. 3A) . The growth rate, however, was unaltered in the presence of furanone-3 (Fig. 3B) .
Vibrio sp. strain S14 cells starved in the presence of furanone-2 lose the ability to mount resistance against UV and H 2 O 2 stresses. To determine if carbon-starved Vibrio sp. strain S14 is affected in its ability to mount cross-protection against environmental stresses in the presence of furanone-2, UV irradiation and hydrogen peroxide stress assays were performed. It has been reported that Vibrio sp. strain S14 acquires maximum cross-protection against UV irradiation after 40 h of starvation (27) . However, the stress assays were performed after 24 h, as cells exposed to furanone-2 lose viability with time. To account for the loss in viability, the results are reported as percent CFU/milliliter by comparing the CFU at different times to CFU at time zero of the stress assay.
While 36.8% of 24-h carbon-starved cells were able to mount resistance against UV irradiation for 5 s in the absence of furanone-2 as judged by CFU, only 1% of the cells were culturable in the presence of furanone-2 at 5 g ml Ϫ1 at the same time (Fig. 4A) . The difference in cross-protection became more pronounced with increased time of UV irradiation. After 12 s, 5.2% of the cells from the control sample were culturable, compared with 0.027% of the cells exposed to furanone-2 (188-fold higher).
The ability of carbon-starved Vibrio sp. strain S14 cells to develop cross-protection against oxidative stress invoked by hydrogen peroxide in the presence of furanone-2 at 5 g ml Ϫ1 was also tested. After 24 h of carbon starvation with or without furanone-2, cells were exposed to 250 M, 500 M, or 1 mM H 2 O 2 for 60 min. In the presence of 250 M H 2 O 2 , 66% of cells not exposed to furanone-2 were culturable, as opposed to 0.044% of the cells exposed to furanone-2 after 60 min (Fig.   4B ). Similarly, while 42.3% of cells from the control culture exposed to 500 M H 2 O 2 were culturable, only 0.023% of cells starved in the presence of furanone-2 were viable (Fig. 4B) .
Furanone-2 specifically inhibits the induction of carbon starvation-induced proteins. To investigate whether the reduction in viability of starved cells exposed to furanone-2 could be attributed to the failure to regulate the expression of proteins within the carbon starvation stimulon, we compared the synthesis rates of a large number of proteins in cells exposed to different concentrations of furanone-2. Protein expression was assessed during logarithmic growth in the presence of furanone-2 at 10 g ml Ϫ1 and after 1 h of carbon and energy source starvation in the presence of furanone-2 at various concentrations.
The 637 proteins previously compared (Fig. 5) were divided into different classes, first on the basis of the magnitude of their response to carbon starvation (Fig. 5A, II) and second on the basis of the magnitude of their response to the exposure for furanone-2 ( Fig. 5A and B, III; Fig. 6 ). Of the 123 [C.IND] proteins, 37 were found to be significantly less, or not, induced when furanone-2 was added at the onset of starvation at a concentration of 10 g ml Ϫ1 (Fig. 5A, III) . In the set of 123 [C.IND] proteins, only 5 were induced and 81 were unaltered during starvation in the presence of furanone-2 (Fig. 5A, III) . Of the 61 [C.REP] proteins, 10 were increased, 3 were decreased, and 48 remained unaltered in their relative synthesis rates during starvation in the presence of furanone-2 (Fig. 5A,  III) . Of the 453 [C.CON] proteins, only 35 were decreased, 17 were increased, and 401 remained unaltered in their relative synthesis rates during starvation in the presence of furanone-2 (Fig. 5A, III) . On addition of furanone-2 to logarithmically growing cells, only 3 of the 637 matched proteins were found to be significantly less expressed than in the untreated culture (Fig. 5B) . No proteins were found to be increased in the rate of synthesis (Fig. 5B) .
When the set of 31 carbon starvation-induced proteins identified as induced by SSE (Fig. 2, IV) was compared with that of the 37 carbon starvation-induced proteins identified as downregulated by the furanone-2 (Fig. 5A, III) , it was found that 12 FIG. 3 . Effect on culturability of carbon-starved Vibrio sp. strain S14, assessed by CFU (A) and growth rate of Vibrio sp. strain S14 assessed by OD (B) after the addition of furanone-2 (closed circles) and furanone-3 (triangles) at 5 g ml proteins were common. Additionally, we compared the synthesis rates of individual proteins in cells exposed to different concentrations of furanone-2. Twenty of the 37 proteins exhibited a dose-response relationship, whereas 17 were less affected by either lower or higher concentrations of furanone-2 (Fig. 5A, IV) . Furthermore, 29 of the 37 proteins that were identified as furanone-2-sensitive carbon starvation proteins were induced by neither phosphorus starvation nor nitrogen starvation (Fig. 5A, V) . Interestingly, 11 of the 12 proteins common to SSE induction and furanone-2 repression were found to be uniquely induced by carbon starvation, i.e., not induced by nitrogen or phosphorus starvation.
Vibrio sp. strain S14 cells starved in the presence of furanone-2 and SSE do not lose viability. The viability of Vibrio sp. strain S14 cells starved in the presence of furanone-2 (5 g ml Ϫ1 ) and SSE (50 g ml Ϫ1 ) was determined to investigate if the components in the SSE were able to provide protection against the loss in viability caused by furanone-2. The hypothesis relies on the results from the 2D-PAGE analyses, which showed that there was a significant overlap of proteins that were induced by SSE and repressed by furanone-2, suggesting that both components were acting on the same regulatory pathway. When Vibrio sp. strain S14 was starved in the presence of furanone-2 (5 g ml Ϫ1 ) and SSE (50 g ml Ϫ1 ), there was a 13% drop in viability across the 4-day period (Fig. 7) . On the contrary, the control, cells exposed to furanone-2 (5 g ml Ϫ1 ) alone during the same period, exhibited a 94% reduction in viability, suggesting that the SSE had the ability to provide cross-protection against furanone-2 (Fig. 7) .
Vibrio sp. strain S14 stationary-phase supernatants induce bioluminescence in V. harveyi. To investigate whether Vibrio sp. strain S14 excretes components that can mediate the expression of AHL-regulated systems, Vibrio sp. strain S14 cellfree supernatants were tested for the ability to induce bioluminescence in V. harveyi. The supernatant from 5-h carbonstarved Vibrio sp. strain S14 cells induced luminescence in V. harveyi as well as or better than the corresponding positive control (V. harveyi stationary-phase supernatants) (Fig. 8) . This result was consistent regardless of whether the carbon starvation situation was achieved by allowing the culture to enter stationary phase by the means of glucose depletion or by washing a log-phase culture and resuspending the cells in MMM 0 (data not shown). In these experiments, log-phase supernatants were not active or significantly less active than their stationary-phase counterparts (Fig. 8 ).
There were no indications that samples from cell densities higher than 3.5 ϫ 10 7 CFU ml Ϫ1 induced luminescence to a greater extent. The supernatant taken from a Vibrio sp. strain S14 stationary-phase culture, allowed to run out of glucose at a cell density of 3.5 ϫ 10 7 CFU ml Ϫ1 , was as active as the supernatants taken at cell densities of 10 8 , 10 9 , and 10 10 CFU ml Ϫ1 (Fig. 8) . No major difference was detected with regard to the time of starvation (0.5 or 5 h) before cells were removed to prepare the supernatant (Fig. 8) .
Chemical analyses. GC-MS was used to determine the presence of AHLs which could be assayed without derivatization. These AHLs (BHL, HHL, OHL, and DHL) were not detected by GC-MS at the limit of detection for quantitative analysis of BHL of 2 ng (i.e., 2 l at 1 g ml Ϫ1 ). AHLs were not detected in the crude extract of the SSE of Vibrio sp. strain S14 by 1 H or 13 C NMR spectroscopy. The homoserine lactone ring has characteristic signals in the 1 H and 13 C NMR spectra for the nethine proton (␦ 4.55) at C-2 (49.2 ppm) and the methylene protons (␦ 4.28, 4.47) at C-4 (66.1 ppm) (4, 32) . These signals were not detected in the extracts tested.
DISCUSSION
Many gram-negative bacteria, when subjected to starvation, become more resistant to various environmental challenges (21) . The marine Vibrio sp. strain S14 can survive in a carbon and energy source-depleted environment for up to 6.5 years (28) . This ability to keep the cellular machinery intact without access to an exogenous energy source is considered to reflect an extensive reorganization of the cellular makeup, initiated after the onset of carbon starvation. To address the possibility that the regulation of this process is partially mediated by signal molecules produced by Vibrio sp. strain S14, we determined the effect of SSE on protein expression. Several observations have recently been made providing evidence for the role of extracellular molecules or signals in adaptive responses similar to those of starvation and outgrowth (2, 11, 20, 25) .
As evident from the global analysis, the addition of SSE during logarithmic growth preferentially influenced the synthesis rate of proteins classified as either induced or repressed upon carbon starvation (Fig. 2, III and IV; Fig. 6 ). Clearly, SSE addition during logarithmic growth altered the synthesis rates of the protein responders in analogy with the changes that FIG. 6 . Standard 2D-PAGE image showing the positions of some carbon starvation-induced proteins as synthesized 1 h after the onset of carbon starvation in Vibrio sp. strain S14. Proteins found to be reduced in the relative synthesis rate when furanone-2 was added at 10 g ml Ϫ1 immediately prior to the onset of carbon starvation are marked with closed arrowheads; proteins increased in the relative synthesis rate when SSE was added at 50 g ml Ϫ1 to logarithmically growing cells are marked with open arrowheads. The threshold value used to determine whether the synthesis rate of a protein was considered to be altered by any of the treatments was set to a factor of 1.8. were observed in response to carbon starvation (Fig. 2, II) . The results presented in Fig. 2 indicate that not all [C.IND] or [C.REP] proteins were affected by SSE. It is probable that the efficacy of the compounds in the SSE to regulate some carbon starvation-regulated proteins may have been overridden by other more prevailing signals abundant in the cells, possibly as a result of the supply of glucose at the time of SSE addition. However, it is not expected that one regulator or signal mediates the expression of all carbon starvation responders. Therefore, the experimental design may underestimate the relative specificity of the SSE to regulate proteins normally regulated in response to carbon starvation.
In support of the observation that a signal molecule(s) with a role in the regulation of the carbon starvation response is produced and excreted upon starvation of Vibrio sp. strain S14, we found that the addition of SSE (50 g ml Ϫ1 ) inhibited the growth rate in logarithmically growing cells. Conversely, addition of crude extract (50 g ml Ϫ1 ) prepared from log-phase supernatants to log-phase cells caused a significantly less pronounced inhibition of growth, and the cells subsequently resumed normal growth (data not shown).
Furanones, which are acylated brominated lactones, are produced as secondary metabolites by the red macroalga D. pulchra. They specifically inhibit colonization in marine bacteria and have also been shown to specifically interfere with AHL and AHL-like molecule-regulated phenotypes. It has been proposed that the furanones compete with AHL (or AHL-like) signals for binding to the regulatory receptor site. The concentrations of the furanones used to inhibit the AHL and AHLlike molecule-regulated phenotypes is highly species dependent and varies from 5 to 100 g ml
Ϫ1
. These furanone concentrations do not inhibit the growth rate of the organism while affecting the specific phenotype (12, 13, 22, 24) .
The data obtained in our studies demonstrate that the presence of furanone-2 at a concentration that did not affect the growth rate (5 g ml Ϫ1 ) (Fig. 3) leads to impaired viability during carbon starvation. Additionally, cells incubated with furanone-2 for 24 h during carbon starvation were unable to develop cross-protection against UV irradiation and H 2 O 2 exposure (Fig. 4) . These observations suggest that the reduction in viability is a result of the interference by furanone-2 with a regulatory system that is essential for successful adaptation to starvation. Cells starved in the presence of furanone-3, on the other hand, were considerably less impaired in viability (Fig.  3) . This gives further evidence that the loss in viability caused by furanone-2 cannot be attributed to a general toxicity effect, especially considering that the two molecules are structurally similar (Fig. 1) .
The possibility that furanone-2 can interfere with a regulatory system critical in the response to starvation was further supported by several results obtained from the global analysis of protein expression upon carbon starvation. Thirty percent of the proteins that were identified as carbon starvation induced were shown not to be induced, or to be significantly less induced, when furanone-2 was included in the starvation regimen. In contrast, the fraction of proteins that were repressed among those identified as constitutively expressed upon starvation amounted to 8% (Fig. 5A, II and III) . Furthermore, 17% of the proteins identified as carbon starvation repressed were overexpressed when furanone-2 was included in the starvation regimen, whereas the fraction of overexpressed proteins among those identified as constitutively expressed upon starvation was as low as 4% (Fig. 5A, II and III) . This finding FIG. 7 . Effect of the addition of SSE (50 g ml
) to Vibrio sp. strain S14 cells starved in the presence of furanone-2 (5 g ml
). The SSE and the furanone-2 were added to logarithmic-phase cells at time zero of carbon starvation. Open circles, control cultures starved in the absence of both furanone-2 and SSE; diamonds, cells exposed to furanone-2 (5 g ml suggests that the postulated regulatory system inhibited by furanone-2 plays a role in the regulation of a subpopulation of the set of proteins induced and repressed by carbon starvation.
The experimental approach that we used does not directly discriminate between whether the effects seen on the rate of synthesis of proteins that do not belong to the carbon starvation stimulon are indirectly caused by the effects on the expression of proteins within the carbon starvation stimulon or if furanone-2 directly interferes with separate regulatory systems. If the latter model is correct, it is anticipated that the rate of synthesis of the proteins that do not belong to the carbon starvation stimulon should also be altered as a result of the addition of furanone-2 during logarithmic growth. As only three proteins are affected by furanone-2 during exponential phase (Fig. 5B) , the role of the system interfered with by furanone-2 is suggested to be restricted to the regulation of phenotypes expressed upon carbon starvation. The majority of the carbon starvation-induced proteins down-regulated by furanone-2 were not induced by either nitrogen or phosphorus starvation (Fig. 5A, V) . Therefore, the effect caused by furanone-2 is unlikely to be due to a mechanism generally activated upon growth arrest. As we have previously shown that neither nitrogen nor phosphorus starvation promotes the development of starvation-and stress-resistant cells (16, 27) , this finding is in accordance with the reduced viability of starved cells exposed to furanone-2.
Of the 37 proteins down-regulated by furanone-2, 12 were found to be common to the 31 carbon starvation-induced proteins up-regulated by SSE. This finding clearly suggests that the effects seen upon the addition of furanone-2 as well as of SSE are associated with the action of a specific regulatory mechanism involved in the regulation of carbon starvation-induced proteins. This hypothesis, that both furanone-2 and SSE act on the same regulatory pathway, is further strengthened by the results showing that the presence of SSE at 50 g ml Ϫ1 is able to override the negative effect on viability caused by furanone-2 at 5 g ml Ϫ1 . Interestingly, 11 (92%) of the 12 proteins that were up-regulated by SSE and down-regulated by furanone-2 were found to belong to a core set of the carbon starvation stimulon which includes proteins that are not induced by nitrogen or phosphorus starvation. Given that neither nitrogen nor phosphorus starvation promotes increased starvation and stress resistance, this finding may account for the reduced viability observed when Vibrio sp. strain S14 was starved in the presence of furanone-2.
The induction of bioluminescence in V. harveyi by the addition of cell-free cultures shows that Vibrio sp. strain S14 selectively, upon carbon starvation, produces a molecule(s) that induces the AHL-regulated phenotype in V. harveyi. Moreover, this putative signal is produced and secreted in amounts sufficiently high to trigger the bioluminescence, even if the cell density does not exceed 3.5 ϫ 10 7 cells ml Ϫ1 (Fig. 8) . These findings indicate that the production of the signal in Vibrio sp. strain S14 is not explicitly dependent on a positive feedback mechanism, as would be the case in quorum-sensing signalling systems, but rather suggest that the synthesis is controlled by some other starvation-specific signals. Huisman and Kolter (18) proposed that ppGpp may serve as one such signal. In view of the experimental procedure used to prepare SSE, and the fact that stationary-phase but not log-phase supernatant induced bioluminescence in V. harveyi, it is further implied that the regulatory signal is a nonpolar molecule(s) that is excreted upon carbon starvation. In addition, stationary/starvationphase cell-free cultures from Vibrio sp. strain S14 have the ability to induce swarming in an swrI (homologous to luxI) mutant strain of Serratia liquefaciens (data not shown). This finding further suggests that Vibrio sp. strain S14 produces and secretes a molecule capable of interfering with AHL-regulated systems. To test the hypothesis that HSL might be the intracellular signal, as has been suggested for E. coli (18), we exposed logarithmically growing cultures to up to 10 mM commercially available HSL (Sigma). However, the nonacylated homoserine lactone did not cause any reduction in the growth rate (data not shown).
The identity of the proposed signal molecule(s) produced by Vibrio sp. strain S14 during starvation requires further studies. Data obtained from 1 H NMR, 13 C NMR, and GC-MS analyses suggest that no AHLs are excreted by Vibrio sp. strain S14. However, other low-molecular-weight compounds (e.g., cyclic dipeptides) have been found to interfere with AHL-regulated phenotypes (4) . Hence, it is probable that Vibrio sp. strain S14 produces a molecule(s) that is not AHL but has the capability to interfere with the AHL-regulated systems. We are presently using bioassay-guided fractionations and chemical analyses in an attempt to isolate the putative signal molecules in Vibrio sp. strain S14.
The role of extracellular molecules in adaptive responses in nondifferentiating bacteria has been largely unexplored. Although numerous microorganisms have been shown to produce extracellular molecules as quorum sensors, there have been very few reports of studies in which small molecules have been important irrespective of cell density. This study provides evidence that one or several extracellular metabolites synthesized upon carbon and energy starvation may play a pivotal role in the regulation of proteins crucial to the development of phenotypes that confer starvation and stress resistance in Vibrio sp. strain S14.
